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Formation of fibroblastic reticular network in the 
brain after infection with neurovirulent murine 
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cl-2 virus is an extremely neurovirulent murine coronavirus. 
However, during the initial phase of infection between 12 
and 24 h post-inoculation (hpi), the viral antigens are de- 
tected only in the meninges, followed by viral spread into 
the ventricular wall before invasion into the brain paren- 
chyma, indicating that the viruses employ a passage between 
the meninges and ventricular wall as an entry route into the 
brain parenchyma. At 48 hpi, the passage was found to be 
constructed by ER-TR7 antigen (ERag)-positive fibers 
(ERfibs) associated with laminin and collagen III between 
the fourth ventricle and meninges at the cerebellopontine 
angle. The construct of the fibers mimics the reticular fibers 
of the fibroblastic reticular network, which comprises a con- 
duit system in the lymphoid organs. In the meninges, ERfibs 
together with collagen fibers, lining in a striped pattern, 
made up a pile of thin sheets. In the brain parenchyma, ma- 
ture ERfibs associated with laminin were found around 
blood vessels. Besides mature ERfibs, immature Erfibs 
without associations with other extracellular matrix compo- 
nents like laminin and collagen appeared after infection, 
suggesting that the CNS creates a unique conduit system 
for immune communication triggered by viral invasion. 


Key words: blood brain barrier, CD11b, extracellular ma- 
trix, fibroblastic reticular cell, reticular fiber. 


INTRODUCTION 


Coronaviruses have relatively high mutation and RNA re- 
combination rates and rapidly undergo cross-species 
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transmission events in vitro and in vivo.’ In humans, vi- 
ruses newly emerging out of members of Coronaviridae 
cause serious diseases, such as severe acute respiratory syn- 
drome (SARS)* and Middle East respiratory syndrome 
(MERS).° Interest in the pathogenicity of murine 
coronaviruses, particularly, mouse hepatitis virus (MHV), 
has grown because of the high incidences of mutation rates 
with consequences of different pathogeneses®!° as well as 
their ability, especially in JHM strains of MHV (JHMV), to 
cause both acute and chronic CNS diseases oa because 
neuropathogenic viruses can induce significant neuronal 
dysfunction and degeneration of specific neuronal popula- 
tions, sometimes leading to devastating, life-threatening 
consequences in infected humans.'”'? Among JHMVs, cl-2 
exhibits extremely high neurovirulence.'!°'*'> A less viru- 
lent viral clone, srr7, has been isolated from cl-2, as a soluble 
receptor-resistant mutant.'°!> All mice infected with cl-2 die 
within 3 days post-inoculation (dpi), whereas mice infected 
with srr7 exhibit no clinical sign before 5 dpi and some of 
them survive after 10 dpi. However, there is no difference 
in the viral growth rate during the initial phase of infection 
between these two strains.'*'’!? The different virulence of 
these viruses is attributed to their capability to infect neu- 
rons,'*”° or their infectivity being independent or dependent 
upon a major MHV-receptor, carcinoembryonic cell adhe- 
sion molecule 1.7!” In agreement with their similar viral 
proliferation rates during the early phase of infection, the 
two viruses exhibit almost the same patterns of viral spread 
in the brain during the initial phase of infection. The viral an- 
tigens are first detected in the infiltrating cells, namely 
CD11b-positive (CD11b*) cells of monocyte lineage, in the 
meninges at 12 h post-inoculation (hpi), and not at the site 
of the inoculation in the frontal lobe.'”!°73 During 24 to 48 
hpi, infected CD11b* cells appear in the ventricular cavity 
followed by infection of cell components of the ventricular 
wall, before viral spread into the brain parenchymal 
cells.'”!* The ventricular wall is also the target site during 


th einitial phase of infection with other species of viruses, in- 
cluding herpes simplex virus** and lymphocytic 
choriomeningitis virus.”° 

The manner of the viral spread after infection with cl-2 or 
srr7 indicated that there could be some other routes of viral 
entry into the brain parenchyma than crossing over the 
blood brain barrier (BBB), which has been almost exclu- 
sively studied or hypothesized as the mechanism of 
neuropathogenic viral entry into the brain parenchyma,”~ 
5° including a pioneering study of poliovirus using gene- 
manipulated mice introduced by the human-type polioviral 
receptor-gene.*' However, the mechanism of viral distribu- 
tion of a neurovirulent strain of polioviruses, the Mahoney 
strain, infecting motor neurons in the CNS, was not eluci- 
dated through studies of its ability to circumvent the BBB 
in comparison with that of an attenuated viral strain, Sabin 
strain.*” Our investigation to identify the viral entry route fo- 
cused on the area between the fourth ventricle (IVv) and 
meninges in the cerebellopontine angle, because viral anti- 
gens are often found in the area during the early phase of in- 
fection between 24 to 48 hpi, and there is a conduit, the 
foramen of Luschka, for CSF to flow from the ventricle into 
the subarachnoid space. Another intriguing feature of viral 
antigen localization after infection with cl-2 or srr7 is that 
the viral antigens were found in fibrous structures, which ap- 
peared to be the extracellular matrix (ECM), in the brain 
and spleen.!”!® Viruses proliferate and produce viral anti- 
gens in living cells, and it is unusual to find them in the 
ECM area through a light-microscopical observation. How- 
ever, such colocalization of viral antigen or viral particles 
with the ECM has been reported to occur in the lymphoid 
organs. After infection with lymphocytic choriomeningitis 
virus (LCMV), viral antigens are colocalized with the com- 
ponents of reticular fibers, including collagen III and lami- 
nin, in the spleen.*’ Similar phenomena have been 
reported in infection with extremely virulent viruses, such 
as Ebola,** Marburg and Lassa viruses.*° These viruses in- 
fect fibroblastic reticular cells (FRCs) in the lymphoid or- 
gans, followed by immune dysfunction leading to viral 
persistence’ or tissue destruction.*° 

FRCs are considered to maintain reticular fibers, which 
compose fibroblastic reticular network (FRN) in the lymph 
nodes**** and spleen.**“° Erasmus University Rotterdam 
thymic reticulum antibody 7 (ER-TR7) has been used to de- 
fine FRCs,*!“?”* although the antigen of ER-TR7 has yet to 
be determined. Furthermore, there have been no reports on 
the size or determinant of the antigen using immune reac- 
tions, including Western blotting or immunoprecipitation. 
Each reticular fiber comprising the FRN is around 1 ym in 
diameter, and contains collagen fibers as a core surrounded 
by an ER-TR7 antigen-positive (ERag") microfibrillar layer, 
and is further enclosed with a basement lamina at the outer 
surface. The entire fiber is largely ensheathed by FRCs.** 
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The FRN functions as a conduit system for immunocompe- 
tent cells and inflammation-associated molecules such as cy- 
tokines and ligands or foreign antigens to reach appropriate 
sites in order to cause immune reactions in the lymph 
nodes“ and spleen,*’ or to guide homing of the cells.*7“° 
Subsequently, FRCs, which are podoplanin (gp38)-positive 
(Pod") and CD31-negative (CD31 -), have been reported 
to co-operate with other stromal cells in the lymph nodes, 
such as Pod* CD31* lymphatic endothelial cells, Pod~ 
CD31* blood endothelial cells, and Pod CD31~ 
myofibroblastic pericytes, to play a key role in the FRN func- 
tion,*>° indicating that there should be organ-specific spe- 
cialization of the fibroblastic stroma. In this report, we 
show the virus antigens detected in the brain as fibrous struc- 
tures colocalized with ERag and laminin as the same images, 
as previously reported in the spleen infected with LCMV.** 
This finding encouraged us to prove the expression of ERag 
along the reticular system in the brain, which could function 
as a scaffold for viral entry and inflammatory cell invasion 
into the brain. 


MATERIALS AND METHODS 


Viruses and animals 


The highly neurotropic MHV strain MHV-JHM cl-2 (cl-2)'4 
was used. This virus was propagated and titrated using DBT 
cells maintained in Dulbecco’s modified Eagle’s minimal es- 
sential medium (DMEM) (GIBCO, Grand Island, NY) sup- 
plemented with 5% fetal bovine serum (FBS) (Sigma, 
Tokyo Japan), as previously described.’* Specific 
pathogen-free inbred BALB/c mice purchased from Charles 
River (Tokyo, Japan) were maintained according to the 
guidelines set by the committee of our university. For the ex- 
periment with infectious agents, mice were transferred to a 
biosafety level 3 (BSL-3) laboratory after permission from 
the committee. At 7-8 weeks old, each mouse was inocu- 
lated with 1 x 10? of cl-2 virus into the right frontal lobe un- 
der deep anesthesia. As described previously,'’ the scar 
caused by the needle tip was found in the right frontal lobe 
after post mortem examination. Between 12 and 72 hpi, or- 
gans including the brains and spleens were removed from 
treated or untreated mice after exsanguination under deep 
anesthesia. Parts of the organs were embedded in Tissue 
Tek OCT (Sakura, Tokyo, Japan) and frozen to prepare fro- 
zen sections. Remaining portions were processed for viral ti- 
tration, or fixed in 4% paraformaldehyde buffered with 0.12 
mol/L phosphate (PFA) for pathological examination using 
paraffin-embedded sections to check that each experiment 
had been appropriately performed as we previously re- 
ported using cl-2 for infection,” and no contradiction 
was found (data not shown). Some mice were perfused with 
PFA from the aorta via the left ventricle under deep 
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anesthesia using diethyl ether and 0.2 mg of chlorar hydrate 
(Mylan Seiyaku, Tokyo, Japan) per mouse to obtain sections 
for the detection of dexran labeled with Texas Red, for the 
three-dimensional construct, or for double or triple immuno- 
staining that includes podoplanin detection. 


Immunofluorescence 


Ten-micrometer cryostat sections prepared from unfixed 
frozen tissues were fixed in ice-cold acetone for 10 min. 
PFA-fixed tissues were rinsed with graded concentrations 
of sucrose overnight, and processed to prepare cryosections 
as previously described,'* which were used without further 
fixation. Chamber slides with mixed primary culture were 
fixed either in cold ethanol for 1 min followed by fixation 
in cold acetone for 5 min, or in PFA for 5 min to perform 
double or triple immunostaining that includes podoplanin- 
staining. Immunostaining was carried out using the antibod- 
ies and reagents listed in Table 1, as previously described.!® 
Fluorescence was visualized with a confocal laser scanning 
microscope (Leica Microsystems, Heidelberg, Germany) to 
obtain images of double or triple immunostaining and 


Table 1 List of the staining reagents used 


three-dimensional constructs. A fluorescence microscope 
(KEYENCE, Osaka, Japan) equipped with a BZ analyzer 
(KEYENCE) was used for statistical study. 


Fluorescent tracers 


One mg of 10 kilodalton lysine fixable dextran labeled with 
Texas Red (Invitrogen Corp., Carlsbad, CA, USA) was 
injected intravenously in 400 uL of PBS through the tail 
vein. Ten minutes after the injection, mice were perfused 
with PFA, the brains and spleens were immersion-fixed 
overnight in PFA, and then processed for cryosections as de- 
scribed earlier. 


Three-dimensional image reconstruction 


The PFA-fixed brains were processed either for 40-1m cryo- 
sections, or thick sections of 90-150 um thick, which were 
prepared by slicing the brain with sharp stainless blades un- 
der a dissecting microscope. The cryosections were stained 
in the same way as the other cryosections described earlier. 
All procedures to stain the thick sections were performed 
in a floating state. After rinsing in 0.12 mol/L Tris-HCl 


Conjugate Source 


Ref. 7° 

Ref. ° 

AbD Serotec, Oxford, UK 

Cosmo Bio Co. Ltd., Tokyo, Japan 
Acris, San Diego, CA, USA 
AngioBio Co., DerMar, CA, USA 


Biotin Chemicon, Temecula, CA, USA 


Santa Cruz Biotechnology, Santa Cruz, CA, USA 
Millipore, Temecula, CA, USA 


Target (cell type) Species Clone or 
/antibody designation 
Primary antibodies 

MHV-JHM Mouse Monoclonal 
MHV-JHM Rabbit Polyclonal 
/ER-TR7 Rat ER-TR7 
Laminin Rabbit Polyclonal 
Collagen type III Rabbit Polyclonal 
Podoplanin Hamster Monoclonal 
NeuN (Neuron) Mouse A60 
Neurofilament Goat C-15 

Olig2 (oligodendrocyte) Rabbit Polyclonal 
Zic2 (arachnoid cell) Rabbit Polyclonal 
CD11b Rat M1/70 
CD13 (pericyte) Rat R3-242 
CD31 (endothelial cell) Rat 390 

GFAP (astrocyte) Rabbit Polyclonal 
GFAP (astrocyte) Mouse G-A-5 
Cytokeratin Mouse C-11 
Secondary antibodies 

Anti-rat IgG Donkey Polyclonal 
Anti-rabbit IgG Sheep Polyclonal 
Anti-rabbit IgG Goat Polyclonal 
Anti-goat IgG Donkey Polyclonal 
Anti-goat IgG Donkey Polyclonal 
Anti-mouse IgG Goat Polyclonal 
Anti-mouse IgG Donkey Polyclonal 
Anti-hamster IgG Goat Polyclonal 
Biotin streptavidin 
Biotin streptavidin 
Biotin streptavidin 


Millipore 
Biotin BD Pharmingen, San Diego, CA, USA 
FITC BD Pharmingen 
Biotin BD Pharmingen 


DAKO, Tokyo, Japan 
Sigma, Tokyo, Japan 
Sigma 


Alexa488 Molecular Probes, Carlsbad, CA, USA 
FITC Abcam, Cambridge, UK 

Alexa568 Invitrogen, Carlsbad, CA, USA 
Rhodamine Chemicon 

Alexa488 Invitrogen 

Alexa488 Molecular Probes 

Biotin Rockland, Gilbertsville, PA, USA 

Biotin Jackson ImmunoResearch, West Grove, PA, USA 
Alexa488 Invitrogen 

Alexa568 Invitrogen 

PE-CY5.5 Southern Biotech, Birmingham, AL, USA 


MHV-JHM, mouse hepatitis virus strain JHM; NeuN, neuronal nuclei; Olig2, oligodendrocyte lineage transcription factor 2; Zic2, zinc-finger tran- 
scription factor 2; FITC, fluorescein isothiocyanate; PE-CY5.5, R-phycoerythrin-cyanine 5.5; Ref., Reference. 
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(pH 7.4) for 1 h, thick sections were incubated with blocking 
solutions for 1 h,'* followed by incubation with primary an- 
tibodies overnight. Each of the second and third steps of 
staining were conducted for 30 min. Three-dimensional im- 
ages were generated with Leica software (Leica 
Microsystems, Heidelberg, Germany). 


Quantification of immunofluorescence staining 


Twenty-four-bit color images with a 1360 x 1024 pixel reso- 
lution were acquired with a fluorescence microscope 
(KEYENCE). Three independent approaches were per- 
formed to quantify the observed immunofluorescence signal 
using the BZ analyzer. The background fluorescence inten- 
sity (FI) in areas of the field of view was subtracted from to- 
tal measurements of FI. The average fluorescence intensity 
(AFI) within the unit area was obtained by dividing its inte- 
grated FI by its area. 


RESULTS 


Expression of ERag after viral infection 


An increased level of ERfibs in the restricted area of the 
brain was already detectable at 12 hpi with cl-2 (Fig. 1A—-C), 
with an increased and intense staining for ERfib compared 
with that of an uninfected mouse (Fig. 1B) or sham infected 
mouse (Fig. 1C) in the root of the trigeminal nerve, espe- 
cially in the area where GFAP-positive activated astrocytes 
were observed near the border with the peripheral nervous 
system (Fig. 1A3). A more extended distribution of ERfibs 
was observed during the later phase of infection (Fig. 1D, 
E). Furthermore, virus antigens in fibrous structures re- 
ported in our previous study'”'* were found to colocalize 
with laminin and ERag (Fig. 1F) with almost the same image 
observed in the spleen of mice infected with LCMV,** which 
indicated that viruses are concentrated in the narrow space 
of reticular fibers*** and are recognized by immunofluores- 
cence, and they use the reticular conduit system as a scaf- 
fold.*?*> In order to quantify the increase and association 
of ERfibs with laminin, the average fluorescence intensity 
(AFI) of divided areas (0.9-2.4 x 10* pm?) was measured in 
sections which included the pons (Fig. 2A). There was a high 
positive correlation of the distribution and intensity between 
laminin and ERag expression in an untreated mouse (R? = 
0.82) and virally infected mouse at 48 hpi (R* = 0.78, Fig. 2A), 
as well as an increase of the expression at 48 hpi with cl-2 
compared with that at 12 hpi (Table 2). The laminin expres- 
sion of the mouse at 12 hpi with cl-2 was more rapid com- 
pared with the ERag expression, and was more extensive at 
48 hpi than those of medium or untreated mice (Table 2). 
Next, a detailed study of AFI in the area around the fora- 
men of Luschka, which provides a conduit for CSF between 
the fourth ventricle and subarachnoid space at the 
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cerebellopontine angle, was performed, because the viral 
antigens are initially detected in inflammatory cells that have 
infiltrated the meninges, followed by inflammatory cells in 
the ventricular cavity and cell components of the ventricular 
wall.!”!8 AFIs in the dotted areas in Figure 3E were com- 
pared among those of cl-2-, sham-infected and untreated 
mice (Fig. 2B). Because of variable AFI levels in individual 
mice, especially in infected mice showing high SDs, a 
significant increase of AFI in the area of cl-2-infected mice 
compared with that of sham-infected mice at 48 hpi was ob- 
tained in the deeper area of the fourth ventricle, 300-500 um 
inside from the outermost portion of the lateral recess of the 
fourth ventricle (OV) (Fig. 2B). At 72 hpi, the expression of 
ERfib remained at high levels in cl-2-infected mice, whereas 
the relatively high levels in the outer areas of the lateral re- 
cess of sham-infected mice at 48 hpi decreased at 72 hpi to 
the levels of untreated mice (Fig. 2B). The expression of 
ERag was either colocalized with that of components of 
the extracellular matrix (ECM) such as laminin (Fig. 1D) 
and collagen (Fig. 1E) in the same way as reticular fibers re- 
ported in lymphoid organs,* or found without such 
colocalization as shown in the brain parenchyma (Fig. 1D2 
and D3) and trigeminal root (Supplemental Figure S1A). 
In the ventricle, we also found ERag without an association 
with other ECM (Figs 1E and 4D), which indicated that 
there could be immature ERfibs formed during initial events 
of the host reaction, compared with the mature form of 
ERag* reticular fibers associated with several kinds of 
ECMs observed in lymphoid organs.***°“” Therefore, we 
compared the length of ERfibs colocalized with laminin in 
the ventricle between those of infected and sham infected 
mice, and found a greater difference between those in the 
two groups (Fig. 2C) than on comparison of ERfibs alone. 


ERag?* structure as a conduit in the brain 


In order to examine whether the expression of ERfib plays a 
role as a conduit system in the ventricle as reported in the 
spleen and lymph node,*” fluorescence-labeled dextran 
was intravenously injected. Mice infected with the virus 
showed the infiltration of many particles of dextran along 
with ERfibs into a deep area in the ventricle (Fig. 3A and 
Supplemental Figure S$1B). A few dextran particles were de- 
tected in the hilum of the ventricle near the border with the 
meninx of sham-infected mice (Fig. 3B), and no trace of the 
particles was seen in the ventricles of mice with no treatment 
(Fig. 3C). The dextran particles were appropriately intro- 
duced into the recipients, because a high level of the parti- 
cles was seen in the spleen of mice with no treatment along 
with Erfbs, especially in the marginal zone around the folli- 
cle (Fig. 3D), and partially in the follicle (insert in Fig. 3D), 
as previously reported.*? The viral antigens were detected 
in the ventricle of cl-2-infected mice in a similar way as 
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Fig. 1 Frozen sections were prepared from the root of the trigeminal nerve (A C) and pons (D F) of untreated mice (V(-)), mice sham-infected 
with medium at 12 hours post-infection (hpi) (Med (12 hpi)), or mice infected with cl-2 at 12 and 48 hpi (V (12 hpi) and V (48 hpi), respectively). 
Immunostaining was performed using ER-TR7 antibody (Er), anti-GFAP (Gf), anti-laminin (La), anti-collagen III (Col), and anti-JHM strains 
of mouse hepatitis virus (anti-JHMV) (V) antibodies. A: Both in the areas of the peripheral nerve (lower left) and CNS (upper right with prom- 
inent astrocytic activation (A3)), the expression of ER-TR7 antigen (ERag) was detected. The dotted area in A1 is shown at higher magnifica- 
tions (A2 and A3). The orientation of this area is shown at a lower magnification in Supplemental Figure $1A2. B: A low level of ERag was 
detected (B1) especially in the area of the peripheral nerve (GFAP-negative lower area). The area of the peripheral nerve is shown as a lami- 
nin-positive area in the serial section (B2). C: Moderately more intensive staining of ERag was observed in the sham-infected mouse than in the 
uninfected mouse. The boxed area is shown at a higher magnification (C2 and C3). In the area of the peripheral nerve (lower area), ERag was 
not colocalized with laminin (Supplemental Fig. S1A), although, in the peripheral nervous system, there were abundant amounts of laminin (B2) 
comprising the basement lamina around Schwann cells. D: At 48 hpi with cl-2, ERag colocalized with laminin around the blood vessels (arrows) 
and meninx (triangles) became prominent. Away from the blood vessels and meninx, ERag” areas without such colocalization were distributed. 
Higher magnifications (D2 and D3) of boxed areas in D1 show that some areas of the ERag” laminin arrangement exhibit cellular structures, 
and some fibrous configurations (arrowhead). E: ERag and collagen III, in the fourth ventricle. F: Colocalization of laminin, collagen III and 
the viral antigens in the meninx around the pons is shown in white. Single and double bars indicate 50 and 20 um, respectively. 


dextran particles. In the deeper area of the ventricle at the 
positions corresponding to b and c in Figure 3E, viral 
antigen-positive cells closely associated with ERfibs were 
observed (Fig. 3G and H, respectively). However, in the 
area near the junction between the meninges and ventricle 
at position a in Figure 3E, the viral antigens did not always 
distribute along with ERfibs (Fig. 3F), possibly because vi- 
ruses brought into the ventricle earlier than in the deeper 
area had time to induce the antigens in the infiltrated and do- 
mestic cells after infection. Because viral antigens are al- 
ready detectable in cells of the monocyte lineage (MoCs) 
that have infiltrated the meninges during the initial phase 
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of infection at 12 hpi,'’ CD11b-positive (CD11b*) cells as a 
carrier to transport viruses into the ventricle were examined. 
Double staining for CD11b and ERag revealed a close asso- 
ciation of MoCs and ERfibs in the ventricle (Fig. 31). As ex- 
pected, many of the CD11b* cells in the ventricle were 
infected (Fig. 3J). 


Three-dimensional reconstruction of ERag-positive 
structure 


In order to study stereostructures of ERfbs, we three- 
dimensionally reconstructed consecutive confocal images 
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Fig. 2 Average fluorescence intensity (AFI) of ER-TR7 antigen (ERag) and laminin (A and B) or average length of ERag-positive fibers 
(ERfibs) colocalized with laminin (C) were measured in frozen coronal sections at the level of the foramen of Luschka (A C). Mice were in- 
oculated with cl-2 (V+) or medium (Med), or untreated (V-), and were processed for measurement at 12, 24, 48 or 72 hours post-inoculation 
(hpi). A: The entire area of the pons was divided into 140 240 areas, and AFI is shown as the fluorescence intensity (FI) in each area per pixel. 
Results shown are from one mouse for each treatment and are representative of three independent experiments. The square of the correlation 
coefficient, R’ is indicated in the graph. The upper and left sides of the horizontal and vertical dotted lines, respectively, show 2% of the total 
area measured in the untreated mouse. A comparison of AFIs among mice of each treatment is summarized in Table 2. B: The area in the 
fourth ventricle (IVv) including the space and ependymal cell layers was divided into five areas between the outermost portion of the lateral 
recess of the [Vv (OV) and 500 um distant from OV. AFI of ERag is shown as FI of each area per pixel obtained from three independently 
treated mice for each group. Vertical lines indicate SD. C: The average length per pm’ of ERag-positive fibers associated with laminin expres- 
sion in IVv obtained from three independently treated mice for each group. Vertical lines indicate SD. * and ** indicate the P-value (P) exam- 
ined by Student’s test <0.05 and <0.005, respectively. 


of 40 um-thick sections of the brains. The integrated inten- 
sity of immunofluorescence of 35 slices of a 1.5 um thickness 
showed robustly stained fibrous structures with a more than 
5 pm thickness in the meninx (Fig. 4A) and ventricle 
(Fig. 4E), which were double-stained for ERag and collagen 
or laminin, respectively. In the meninx, most of the ERfbs 
seemed to localize together with collagen based on the view 
of the integrated image (Fig. 4A). However, rotation of the 


image revealed a sheet composed of ERfbs and collagen fi- 
bers in a fine striped pattern (Fig. 4C and Supplemental 
movie S1). At the meninx with inflammation, many cells 
were observed, after triple staining for the nucleus, ERfibs 
and collagen, in the narrow space between the sheets com- 
posed of an association of ERfibs and collagen (Fig. 4B). 
Another finding obtained from three-dimensional analysis 
was that a hammock-like structure composed of fine ERfbs 
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Table 2 Average fluorescence intensity (AFI) of ER-TR7 antigen (ERag) and laminin 
Laminin 
(%) 
12 48 
hpi 12 (high) 48 (high) 
V(+) 12.7 (15.2+1.2) 3.6 (16.6+0.8) 80.6 *(21.547.6) 63.2 (23.4+12.4) 
Med 0.0 n 0.0 n 1.7 (15.7+1.6) 0.4 (17.9) 
V(-) 2.0 (14.7+0.9) 0.0 n 2.0 (14.7+0.9) 0.0 n 
ERag 
(%) 
12 48 
hpi 12 (high) 48 (high) 
V(+) 3.0 (6.9+1.4) 0.6 (9.3) 24.5 *(9.944.3) 17.4 ™(11.6+4.0) 
Med 0.0 n 0.0 n 25.8 (6.4+1.0) 79 (7.7+0.7) 
V(-) 2.0 (5.8+0.9) 0.0 n 2.0 (5.8+0.9) 0.0 n 


Average fluorescence intensity (AFI) of ERag and laminin in the pons of mice inoculated with cl-2 (V+), medium (Med) at 12 and 48 hpi, or untreated 
(V-), shown in Fig. 2A is summarized as percent positive population of areas (%) for each treatment. Positive populations were defined as those with an 
AFI of >13.8 or 5.1 in laminin or ERag staining, respectively (horizontal or vertical dotted lines in Fig. 2A, respectively), where 2% of the population 
measured in (V-) mouse were found. When AFIs are higher than the highest AFI measured in the (V-) mouse, which corresponds to an AFI of >15.4 or 
6.8 in laminin or ERag staining, respectively, that was defined as highly positive (high). hps, hours post-infection; n, no matched areas. Figures in the 
parentheses are mean + SD, and the figures without + show that one area was counted under the term. The significance of the difference was analyzed 
by Student’s test, with P-value shown. “P < 0.005, V (12 hpi) vs. V (48 hpi); “P< 0.005, Med versus V (48 hpi). 


hanging on bold lines of laminin, which were partially 
colocalized with Erfibs, was formed in the ventricle (Fig. 4E 
and Supplemental movie S2), which could have been ig- 
nored on non-specific staining based on typical confocal 
images of two dimensions because of their overly faint 
staining. 


ERag-producing cells in the brain 


In the meninges, arachnoid cells with the expression of 
cytokeratin or Zic2 showed colocalization with ERag 
(Fig. SC, D). Arachnoid cells are reportedly podoplanin- 
positive (Pod*),** just as with FRCs in the lymphoid or- 
gans.*°~*” However, in our analysis, only part of Zic2* cells 
in the meninges was Pod* (Supplemental Fig. S1C). A thick 
Pod* layer in the meninges was colocalized with ERag 
(Fig. 5B), most of which could be produced by fibroblasts, 
which are located in the meninges.*” Some podoplanin- 
negative (Pod~) cells (arrowheads in Fig. 5B) as well as 
structures making up the basal area (arrows in Fig. 5B) of 
meninges were also found to be ERag™. In the ventricle, 
some of the ependymal cells with cytokeratin expression 
were found to produce ERag. In the brain parenchyma, 
many GFAP-positive astrocytes, especially those comprising 
glia limitans at the brain surface (Fig. 5F), or near the border 
with the peripheral nerve (Fig. 1C), were found to be 
ERag". Deep in the parenchyma, ERag* astrocytes were ob- 
served around the blood vessel (Fig. 5G). However, in the 
brain parenchyma, many ERag*” cells without colocalization 
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with laminin (Fig. 1D3), which were not located around the 
blood vessels, were seen. Furthermore, astrocytes situated 
away from blood vessels deep in the brain parenchyma, even 
though they had contact with ERag” cells, did not produce 
ERag (Supplemental Fig. S1D). Therefore, we examined 
other cell types which produce ERag in the brain paren- 
chyma, and found ERag* neurons and oligodendrocytes 
(Fig. 5H, I), in addition to endothelial cells (Fig. 5J) and 
pericytes (Fig. 5K) of blood vessels (Bv) in the brain paren- 
chymal area (PaBv). However, brain parenchymal 
CD11b'®” cells (arrowheads in Supplemental Fig. S1E), pos- 
sibly microglia,” as well as infiltrating CD11b™*" cells in the 
meninges (arrows in Supplemental Fig. S1E) and ventricle 
(Fig 31) were ERag . In addition, ERag™ cells distributed 
in the area away from the viral antigen-positive site (Fig. 5L) 
indicated that the signal of viral entry reached these ERag* 
cells via an undetermined pathway. 


DISCUSSION 


A classical neuropathology states that, in the brain in the 
presence of infectious diseases, there is an increase in reticu- 
lar fibers, detected by silver staining, and these fibers are as- 
sociated with inflammatory cells.°'! A recent study also 
detected an increase of reticular fibers as second harmonic 
generation structures in toxoplasmic encephalitis (TE).°” Al- 
though the modern sophisticated technique revealed a 
three-dimensional structure of the reticular network, which 
may be used as a scaffold for antigen-specific T cells to 
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Fig. 3. A D: Mice infected with cl-2 or sham-infected with medium at 48 hours post-inoculation (hpi) (V (48 hpi)) or (Med (48 hpi), respec- 
tively), or untreated mice (V(-)), intravenously received dextran labeled with Texas red (Dx). Frozen sections were prepared to visualize ER- 
TR7 antigen (ERag) (Er) by immunofluorescence. Dextran particles along with ERag-positive fibers (ERfibs), observed in the deep area of 
the ventricle of the cl-2-infected mouse and shown at a higher magnification as an insert in A, reached the middle portion of the fourth ventricle 
(Supplemental Figure S1 B), the area which corresponds to the boxed area c in E. In the untreated mouse, only low levels of dextran particles 
were observed in the choroid plexus facing the meninx (C), although many were traceable even in the follicle (dotted area in D) of the spleen 
along with ERfibs, in the same manner as previously reported.”” E J: The brain of the mouse infected with cl-2 was snap-frozen to prepare serial 
frozen sections for HE (E) and immunofluorescence (F J) staining using ER-TR7, anti-JHM (V), and anti-CD11b (CD11b) antibodies. Note 
that there are no marked destructive changes detectable at a low magnification at 48 hpi with cl-2 (E). The viral antigens are more closely as- 
sociated with ERag in the deeper position in the ventricle (H) than in the hilum (F). CD11b* cells are closely associated with ERag (I). The 
viral antigens are predominantly detected in the SD11b* cells (J). The letters in parenthesis in F J indicate the corresponding areas in E of each 
area chosen for the image. Cbl, Po, VIv and Mx indicate the cerebellum, pons, fourth ventricle and meninx, respectively. Single and double bars 


in (A-D, F J) indicate 50 and 20 pm, respectively; scale bar in (E) indicates 100 um. 


migrate into the infected sites in the brain, questions that 
were raised half a century ago”! (What are the components 
of the reticular fibers, and which cells in the CNS produce 
the components’), still remain to be answered.>” In this re- 
port, we showed ERfibs as one of such components, which 
increase during infection and comprise a reticular network 
unique to the brain (BrRN) but in part analogous to FRN 
in the lymphoid organs, detected as ERag*™ fibrous structures 
and forming a conduit system 2?" 

ERag * structures have been detected in the brains after 
infection’*”* or physical treatment,*” and in the retina of 
gene-manipulated mice,** as well as in normal mice at low 
basal levels in the meninges**”* and basement membrane 
of blood vessels.” In these reports, ERag was used as a 
marker of reticular fibroblasts, although the figures in the 
papers show the co-localization of ERag and GFAP ,4°4 
and the contribution of ERfibs to immune-mediating com- 
munication or a scaffold is not mentioned. One of the rea- 
sons that such an important role of ERfibs to operate a 
conduit system in other organs was not described could be 


that the authors might have been obliged to limit the charac- 
ter of ERag* structures, because an increase of these struc- 
tures in injured regions, which were examined at around 1 
week or more after the treatment of the mice, might not be 
large enough to trace and prove that they function as a con- 
duit system. For example, ERag” structures in the meninges 
have been reported to be found only in the sulcus’* where 
the arachnoid membrane does not exist. In contrast, our re- 
sults showed high expression of ERag™ structures in the 
arachnoid membrane. The reason why we could trace the 
ERfibs could be that the virus cl-2 is an extremely 
neurovirulent strain, leading infected mice to a morbid state 
in 48 hpi.**-"* The more vigorous the insult is, the more ex- 
tended the host reaction would be. Actually, the increased 
thickness of the arachnoid membrane formed during con- 
centrated time periods after the infection enabled us to ob- 
serve the architecture of a striped pattern consisting of 
ERfibs and collagen fibers, forming the sheet of a thin mem- 
brane. Each of the sheets was approximately 0.7-1.0 wm 
thick, which corresponds to the diameter of each reticular 
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Fig.4 Three-dimensional images were constructed after staining ER-TR7 antigen (ERag) (Er) and collagen III (Col) in the meninges of the 
cerebellopontine angle (A D), or laminin (La) in the fourth ventricle (E) of a mouse infected with cl-2 at 48 hours post-infection (hpi). Nuclear 
counter-staining was performed using Hoechst 33342 (Hoe). The letters in parenthesis in B,C indicate the areas of images corresponding to the 
boxed areas in A. Between the sheets, many cells were found to be packed (B1). The thickness of the sheet was estimated at around 0.5 1.0 um 
after viewing the sheet from a different angle (B2 and Supplemental Figure S2). The rotation of images around the Y axis disclosed sheet struc- 
tures (Supplemental Movie S1) composed of ERag-positive fibers (ERfibs) and collagen fibers (C and D at a higher magnification of the dotted 
area in C3). The ventricle contained a fine ERag* structure without colocalization with laminin (arrows in E) after the rotation of images (Sup- 
plemental Movie S2). The double bar in A indicates 20 um. Single bars indicate 2 um (B2 D) and 10 um (B1 and E). 


fiber serving as a unit of the conduit system in the lymphoid 
organs,**-* and the sheets had been considered to be menin- 
geal fibers on the two-dimensional observation of thin sec- 
tions. Furthermore, between the sheets, many cells were 
detected, many of which should be infected CD11b* 
cells.'”!* A classic neuropathological understanding of the 
sites of infiltrating cells observed in meningitis has theoreti- 
cally assumed a subarachnoid space between the arachnoid 
membrane and pia mater. The ERfib-embedded sheets 
may guide inflammatory cells after extravasation to migrate 
into the meningeal region, but on the other hand, the sheets 
might restrict the inflammatory lesion in the meninx 
blocking the direct spread of inflammatory cells and viral 
particles from the meninx into the brain parenchyma. At 
least at 48 hpi, the prevention of direct invasion of the 
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inflammatory cells and viruses from the meninx to the brain 
parenchyma seemed to be successful, as has also been ob- 
served in meningitis induced by other infectious agents.°> 
>” Before our findings, such prevention was thought to be 
operated by the pia mater and astrocytes comprising glia 
limitans at the brain surface,°* because inflammatory cells 
and infectious agents have been considered to be able to 
freely move around the presumed subarachnoid space. 

The increase in ERfibs after infection had already oc- 
curred at 12 hpi. However, the possibility that all of the 
newly formed ERfibs function analogous to FRN in the 
lymph nodes and spleen is not conceivable, because inva- 
sions of CD11b* cells and viruses into ERag-upregulated 
areas were not prominent at 12 hpi. In addition, although 
ERfibs in the fourth ventricle, especially near the area of 
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Fig.5 Frozen sections prepared from the meningeal areas (A D), ventricular area (E) and parenchymal areas of the pons (F L) of mice in- 
fected with cl-2 at 48 hours post-infection (hpi) underwent staining for ER-TR7 antigen (ERag) (Er), cytokeratin (CK), Zic2, podoplanin 
(Pod), GFAP (Gf), JHM strains of mouse hepatitis virus (JHMV) (V), neuronal nuclei (NeuN), oligodendrocyte lineage transcription factor 
2 (Oli), CD31 and CD13 antigens, and nuclear counter-staining (Nuc) by immunofluorescence. A E: Arachnoid cells shown as CK-positive 
(CK*) and Zic-2* and ependymal cells shown as CK” cells produced ERag. Pod is reportedly expressed in arachnoid cells,“* but only a part 
of Zic2* cells were Pod* (Supplemental Fig. S1C, respectively). F and G: Astrocytes producing ERag at the brain surface making up glia 
limitans (F), and those deep in the brain parenchyma, where astrocytes around the blood vessels (PaBvs) produce ERag (G), but not those 
distant from PaBvs, even in the area with many ERag-producing parenchymal cells (Supplemental Fig. S1D). The dotted area in F1 is shown 
at a higher magnification in F2 and F3. H K: CNS components other than astrocytes produced ERag, such as neurons (H), oligodendrocytes (1), 
endothelial cells (J), and pericytes (K). However, neither CD11b™®" nor CD11b'™ cells produced ERag (Supplemental Fig. S1E). Triangles 


and IVv indicate the meninges and fourth ventricle, respectively. Single and double bars indicate 50 and 20 um, respectively. 


the junction of the ventricle and meninx, were increased in 
sham-infected mice compared with non-treated mice, 
fluorescence-labeled dextran particles, which have been 
used as tracers to show the function of FRNs in the spleen,*” 
were not detected in the fourth ventricle. In contrast, in cl-2- 
infected mice, labeled dextran particles were found in the 
ventricle showing a close association with Erfibs. This and 
subsequent findings indicated that ERfibs need to be allied 
with some other substances including ECM components de- 
tected in FRN to function as a scaffold. The ERfibs in the 
ventricle of infected mice were co-localized with laminin at 
a higher level compared with those of sham-infected mice. 
In addition, ERfibs that appeared at 12 hpi were not co- 
localized with laminin, although in the area of peripheral 


nerves there were high levels of pre-existing laminin as a 
component of the basement membrane around Schwann 
cells. Another immature form of ERfibs appeared after the 
three-dimensional construction of images. In the fourth ven- 
tricle, an ERag™ net-like structure was found hanging on two 
pole-like structures of laminin, without forming firm fibers. 
The findings were supported by a study using a primary 
brain mix culture, where several stages of ERag* expression 
with various types of association with ECM were observed 
(data not shown). Besides collagen and components of the 
basement lamina including laminin,*? several kinds of mole- 
cules, such as decorin, biglycan and fibromodulin, which are 
surrounded by the ERag* matrix and localized to the con- 
duit core,*° are supposed to be engaged in the maturation 
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of FRN with the ERag* matrix to function as a conduit in the 
lymph nodes. In addition, FRCs, a core cell population to 
maintain the ECM and conduit system in the lymph nodes, 
produce large amounts of other molecules involved in the 
matrix and elastic fiber assembly, including lysyl oxidase 
(LOX), LOX-like 1, microfibril-associated glycoprotein 2 
(MFAP-2), MFAP-5 and fibulin-1.*° Future studies should 
elucidate the roles of these factors in regulating the reticular 
network in the brain. 

FRCs are thought to be highly specialized to the lym- 
phoid microenvironment.*°? In order to study the 
corresponding cell population in the brain, we investigated 
cells that produce ERag, which is one of the whole markers 
of FRCs and FRN 34°" Besides expected cell populations 
such as Pod* ERag * cells in the meninges, various types of 
cells in the brain showed ERag expression, including arach- 
noid cells, ependymal cells, endothelial cells and pericytes, 
which were judged through the expression of representative 
cell marker proteins, their localization in the tissue and their 
shape. In addition, to our surprise, all kinds of the brain pa- 
renchymal cells except for CD11b'°” cells, provbably 
microglia, showed ERag expression. In spite of these find- 
ings, it is not plausible that the ERag produced by brain pa- 
renchymal cells was directly employed in the conduit system 
to guide the invasions of the virus or inflammatory cells, as 
indicated in the meninges and ventricle, because the viral an- 
tigens and inflammatory cell invasions were not observed at 
48 hpi in the large area where they were produced by brain 
parenchymal cells. Furthermore, most of them were not 
colocalized with laminin fibers, except for the close associa- 
tion of GFAP* and laminin* fibers around the blood vessels, 
where the basement membrane is formed facing astrocytes 
at the side of blood vessels even under normal conditions.”° 
However, the colocalization of ERag and laminin” fibers 
around the blood vessels was detected. The results indicate 
that a conduit system could be created around the PaBv, be- 
cause information that virus-bearing CD11b* cells had in- 
vaded the meninges and ventricle must reach to the area 
with ERag expression in the brain parenchyma. 

The conduits in the lymphoid organs are able to transfer 
such information through micro- and macromolecules, in- 
cluding cytokines and ligands.*°*? In the brain, foot pro- 
cesses of astrocytes, neurons and microglia adhere to the 
basement lamina around the blood vessels.”°°° When the 
information reaches the cells around the blood vessels, 
cell-to-cell-mediated immune cross-talk through an immune 
synapse reported in lymphoid cells,°! and /or the use of not 
only immune-related molecules but also several neurotrans- 
mitters as a tool,” could possibly trigger an immune reaction 
in the brain parenchymal cells distant from blood vessels. 
Astrocytes might play such a role in cellular communication 
because of their ability to produce high levels of ERag and 
their localization around the blood vessels, ventricles and 


© 2016 Japanese Society of Neuropathology 


11 


brain surface. Therefore, local immune reactions relevant 
to brain pathology should be further examined, especially 
on cross-talk between brain parenchymal cells, possibly af- 
ter receiving information from the conduit around the PaBv. 
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SUPPORTING INFORMATION 


Additional supporting information may be found in the 


online version of this article at the publisher’s web site: 

Supplemental Figure $1. Immunofluorescence to detect 
ERag (Er), laminin (La), JHMV (V), Zic2, podoplanin 
(Pod), GFAP (Gf), CD11b, NeuN and nucleus (Nuc). Im- 
ages were taken in areas of the peripheral nerve (PN) or 
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CNS region in the trigeminal root (TrigR), fourth ventricle 
(IVv), meninx (Mx), inferior cerebellar peduncle (ICP), 
and pons (Po). Figure (Fig.) numbers in parenthesis indicate 
the figures where the legend of each image is described. 
Long arrows and arrowheads in E indicate CD11b"®" and 
CD11b' cells, respectively. J: The area of the trigeminal 
root in Figure 1A, which is indicated by the boxed area, is in- 
dicated by closed lines. The border between the CNS area 
(upper right) and peripheral nerve (lower left) is indicated 
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by a dotted line. Single and double bars indicate 50 and 20 
uum, respectively. 

Supplemental Figure S2. Infiltrating cells indicated by nu- 
clear staining (blue) between thin sheets with collagen HI 
(red) and ERag (green), illustrated in Figure 4B, are viewed 
from different angles. Bar indicates 10 um. 

Supplemental Movie S1. Supporting info item 
Supplemental Movie S2. Supporting info item 
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